Pathways to testable leptogenesis 
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In the conventional seesaw models of neutrino masses, leptogenesis occurs at a very high scale. 
Three approaches have been discussed in the literature to lower the scale of leptogenesis: mass 
degeneracy, hierarchy of couplings and three-body decays. We advocate yet another approach to a 
testable leptogenesis, whereby the decaying particles could go out of equilibrium at an accessible 
scale due to kinematics, although their couplings to the decay products are larger for generating a 
desired CP asymmetry. We demonstrate this new possibility for the testable leptogenesis in a two 
Higgs doublet model where the neutrino masses originate from a one-loop diagram. 
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Among various baryogenesis mechanisms, which solve 
the puzzle of the matter-antimatter asymmetry in the 
universe, the electroweak baryogenesis is the most at- 
tractive one because of its testability. However, it died in 
the standard model (SM) and only survives in the min- 
imal supersymmetric model (MSSM) with some rather 
restrictive conditions or in the context of more compli- 
cated models. 

At present, the leptogenesis 0, H H 0, S, @, 0, S, S] 
scenario, where a lepton asymmetry is firstly generated 
and then is partially converted to a baryon asymmetry by 
the sphalerons , is definitely the simplest baryogenesis 
theory to test in the near future. Usually, the leptogenesis 
models also explain the tiny but nonzero neutrino masses 
by the seesaw mechanism [ll|; EH EH, E3, EH E3 ■ Since 
the tiny neutrino mass is naturally generated by a large 
lepton number violating scale in the seesaw models, the 
decays of heavier particles at the large lepton number 
violating scale also generates the leptogenesis in these 
models. 

Attempts have been made to lower the scale of leptoge- 
nesis so as to make them testable in the next generation 
accelerators. Three pathways to a testable leptogenesis 
model have been demonstrated in some variants of the 
seesaw models through out-of-equilibrium CP-violating 
decays of some TeV scale particles, which could be de- 
tected at the LHC or ILC. These possibilities are: mass 
degeneracy 0, 0] (the decaying particles are assumed to 
be almost degenerate) . hierarchy of couplings [l7|, EB| and 
three-body decays [19j . In the case of mass degeneracy, 
the decaying particles have tiny couplings to guarantee 
their decay widths smaller than the expansion rate of the 
universe, parametrized in terms of the Hubble constant 
to satisfy the out-of-equilibrium condition. The decay- 
ing particles have quasi-degenerate masses to resonantly 
enhance the CP asymmetry. In the case of hierarchal cou- 
plings, the lighter decaying and heavier virtual particles 
have smaller and larger couplings, respectively, thus the 



smaller couplings determine the decay widths while the 
large couplings dominate the CP asymmetry. In the case 
of three-body decays, the decay widths of the lighter par- 
ticles are suppressed by the heavy masses of the virtual 
particles, whose couplings are large enough to enhance 
the CP asymmetry. Note the decaying particles should be 
gauge singlets of any low-energy gauge symmetry, other- 
wise, the scattering processes originating from the gauge 
interactions will considerably damp the produced lepton 
asymmetry. 

Obviously, the three pathways have a same essence 
that the (effective) couplings of the decaying particles to 
the decay products should be much smaller than unity 
so that the decay widths could be smaller than the Hub- 
ble constant at a low scale. This conclusion is based on 
an assumption that the decay products are much lighter 
than the decaying particles and hence the decay widths 
are only related to the masses of the decaying particles 
and the couplings. However, it is not the only possi- 
bility because the decay widths could be kinematically 
suppressed even if the couplings are larger. 

In this paper, we discuss the kinematical effect in 
the leptogenesis scenario, which could alter the out-of- 
cquilibrium condition considerably. For demonstration, 
we consider a two Higgs doublet model [20| . where the 
neutrino masses originate from a one-loop diagram. Al- 
though the original model was proposed to include a dark 
matter candidate, we relax this condition to allow a dif- 
ferent range of the parameters. With the larger couplings 
and the proper masses of the decaying particles and decay 
products, the sizable CP asymmetry and the suppressed 
decay widths are simultaneously allowed to realize a suc- 
cessful leptogenesis at an accessible scale. 

We now introduce the quoted two Higgs doublet model 
[2fj| . where the SM is extended by three right-handed 
neutrinos N R and one scalar doublet r\ = (77°, r)~) 7 '. The 
new particles are odd under a Z 2 discrete symmetry. As 
a result, the following Yukawa couplings and Majorana 
mass term are allowed, 



C D -yiP LV N R ~ \m n N r N r + h.c 
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where ip L = {v Ll l L ) T denotes the SM left-handed lep- 
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ijj c L ri is omitted. At the tree level, the decay widths are 
given by 

T(N i ^iP L + r,*)=r(N i ^iPl + v) (5) 

= ^{y ] y)u M Nr%, (6) 

where the factor, 
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FIG. 1: The one-loop diagram for generating the radiative 
neutrino masses. 



tons. For convenience and without loss of any generality, 
we will choose the basis in which the Majorana mass Ma- 
trix M N is real and diagonal. 

There are no Dirac masses between the left- and right- 
handed neutrinos since the exact Z 2 protects rj against 
any vacuum expectation values (vevs). So, the neutrinos 
will remain massless at tree level unless the quartic scalar 
interaction, 



f 



-A 



h.c. 



(2) 



is introduced to realize the one-loop diagram as depicted 
in Fig. [TJ Here <f> = (<jp , <j)~) T is the SM Higgs with 
(4>) = v ~ 174 GeV. For the purpose of demonstration, 
we will take A to be positive in the following discussions 
and calculations. The radiative neutrino masses can be 
explicitly calculated [20| . 
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where t] r and are defined by rf = —= (rj R + irff) . For 

V2 



M\ - M\ = 2Xv 2 < M\ and M 2 

'IR 1j r IR,I 



> M 2 , we can 



obtain a simple formula for the neutrino masses, 



0(A) x - VikVjk 2 



167T- 



E 



1 M - fc 



(4) 



Therefore, the observed neutrino masses can be naturally 
explained, for example, ~ 0(0.01 — 0.1 eV) for A = 
O(10- 4 ), y - O(10" 3 ) andMjv = 0(100 GeV— lOTeV). 



The heavy Majorana neutrinos N — N R + N R can 
decay into the SM left-handed leptons and the doublet 
scalar. For simplicity, only the decay channel of N — > 
ijj L rj* is shown in Fig. [5] and its CP conjugate state N — > 



depends on the mass of the decay product in addition to 
that of the decaying particle. For the increasing values of 
M , we get a smooth interpolation from r N ~ 1 (M 2 

Ml ) to r N -> {Ml Ml ). Usually the decay 

k i ' k 

products are assumed to be very light, and hence, this 
factor is taken to be 1. However, this factor can also be 
very small. We shall consider the case when this factor 
is very small. In the present model under consideration, 
we shall not provide any explanation for the smallness of 
this parameter rjy 4 . But for purpose of demonstration let 
us give an explicit example, where this parameter could 
be very small naturally. 

Consider a supersymmctric model with superfields N 
and S. An Yukawa coupling NNS would then al- 
low the decay of the fcrmionic component of N to its 
lighter scalar component and the fermionic component 
of S: Nj — > N s + Sf. If the masses of these fields are 
M N ~ 10 7 GeV and M s <C M N , the mass splitting be- 
tween Nj and A^ s will be of the order of supersymmetry 
breaking scale of 10 3 GeV, so that this decay width will 
have a suppression factor of r N ~ 10~ 4 . Although this 
example can not be extrapolated to the present model, 
we shall assume a similar small value for r N . . 

Coming back to the present model, the decays of the 
heavy Majorana neutrinos can create a lepton asymme- 
try, if the Yukawa couplings y provide the source of the 
CP violation. The lowest order non-trivial asymmetry 
comes from the interference of the tree-level diagrams 
with the one-loop diagrams. We calculate the CP asym- 
metry and find it to be same as that in the canonical 
seesaw model, 



r(A 1 .->Vi + '7*)-r(iv < ->V£ + »») 
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which is free from the masses of the decay products. Here 
the functions / and g are the contributions from the ver- 
tex and self-energy corrections, respectively: 
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FIG. 2: The heavy Majorana neutrinos decay into the SM left-handed leptons and the doublet scalar. Their CP conjugate 
states have been omitted for simplicity. 



For illustration, we consider the limiting case with 
M Ni < Mjy a 3 (a factor M Na JM Nl of 3 - 10 is enough 
because the number density of N 2 3 is fastly Boltzmann 
suppressed at the temperature below its mass), where 
the final lepton asymmetry should mainly come from the 
contributions of the decays of A^. We can simplify the 
CP asymmetry (JHJ> as 
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Similar to the DI bound [2l|, |22| , one can also deduce an 
upper bound on the above CP asymmetry by inserting 
the neutrino masses ((H) into the CP asymmetry (fTTj) . 



3tt M N m 3 



(12) 



with m 3 and <5 being the biggest eigenvalue of the neu- 
trino mass matrix and the CP phase, respectively. Here 
we have assumed the neutrinos to be hierarchical [23| . 
Clearly, in the present case, the DI bound is relaxed by 
a factor of 167r 2 /0(A). 

For effectively creating a lepton asymmetry in the 
thermal evolution of the universe, the decays of N 1 
should satisfy the condition of departure from equilib- 
rium, which is described by 



IV £ H(T) 



T=M A 



(13) 



where 



is the total decay width of N ± and 

'87r 3 <?*V T 2 



H(T) 



90 



(14) 



(15) 



pi 



is the Hubble constant with the Planck mass M, 
10 19 GeV and the relativistic degrees of freedom <?„ 



pi 



100 



It is straightforward to perform the out-of-equilibrium 
condition by inserting (|14[) and (fT5")) to ITT 
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PI ' N, 



for y ' 
O(10" 



- O(10- J ), M Ni = O(100 GeV — 1 TeV) and r 
4 ). So, by inputting A = 10 



M 



700 GeV, 



0.07 eV and sin S = —1 to the CP asymmetry <jT2 



we derive e 



N, 



■1.5 x 10 and then obtain the final 



baryon asymmetry, 
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as desired to explain the matter-antimatter asymmetry 
of the universe. 

In this leptogenesis scenario, all of the new particles 
are at an accessible scale and then are expected to be 
detected at the forthcoming experiments. Specifically, 
the r\ scalars can be directly produced in pairs by the SM 
gauge bosons W , Z or 7. Once produced, ^ will decay 
into rf R j and a virtual , which becomes a quark- 
antiquark or lepton-antilepton pair. If ry^ is heavier than 
i]j for A > 0, the decay chain, 

V + -» VrI + " , then rf R -> rfil+r , (18) 

has 3 charged leptons and large missing energy, and can 
be compared to the direct decay, 

V+^rftl+v, (19) 

to extract the masses of the respective particles. 

As for the heavy Majorana neutrinos N ± 2 3, they can 
be produced in pairs by the e + e _ annihilation through 
the rf^ exchanges as shown in Fig. [3l which could be 
significant for the larger Yukawa couplings. We give the 
cross sections as below, 
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FIG. 3: The heavy Majorana neutrinos N 12 ,3 are produced ^o(^i) = — 
in pairs by the e + e~ annihilation through the rj exchanges, 
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In this paper, we point out the kinematical approach 
to the testable leptogenesis. The kinematical effect al- 
lows the (effective) couplings of the decaying particles 
to the decay products to be larger for the sizable CP 
asymmetry, meanwhile, allows the decay widths to be 
smaller for the out-of-equilibrium condition at an acces- 
sible scale. We demonstrate this scenario in a two Higgs 
doublet model where the Majorana neutrino masses orig- 
inate from a one-loop diagram. We can also apply the 
kinematical effect to the model where the neutrinos are 
Dirac particles and their tiny masses are radiatively gen- 
erated [25|. These leptogenesis models can be verified in 
the near future. 
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